New Findings Concerning Ventricular Septation in the Human Heart
T o date, because of a lack of adequate markers, it has been difficult to define precisely the process of cardiac septation.1-7 Two of the major questions that remain concerning the development of the heart devolve upon this process. These are first, the mechanism underscoring the connection of the right atrium to the right ventricle and, second, the processes involved in connection of the left ventricle to the aorta. It is well accepted that, during early stages of development, the atrial segment of the heart is connected only to the proximal segment of the ventricular component of the primary heart tube. The outflow segment, in contrast, takes origin exclusively from the distal segment of the ventricular loop. Transfer of parts of these segments must, hence, be completed before the ventricular mass can properly be septated. Disagreements about these processes have colored many of the arguments concerning classification and nomenclature of congenital malformations, such as double inlet to the morphologically left or right ventricle8-10 and anomalous ventriculo-arterial connections.11, 12 We now believe that we can clearly visualize the remodeling of the tissues that underscores these processes. This is because a monoclonal antibody to an extract of the nodose ganglion of the chick has been shown, in the developing human heart, to demarcate the "primary" interventricular junction, that is, the junction between the proximal and distal segments of the ventricular component of the human heart tube. 13 By tracing the fate of this tissue during the period of septation of the human heart, we can show how the right atrium becomes connected to the developing right ventricle and how the subaortic part of the outflow segment becomes incorporated as the outlet of the growing left ventricle. The lesser curvature of the ventricular loop is the pivotal area for remodeling of these tissues. The connection between the right atrium and ventricle develops in the posterior and rightward part of the curve, whereas the connection between the left ventricle and the subaortic outflow tract is sculpted from the anterior and leftward part. These observations have major implications for categorization of congenital malformations involving both the atrioventricular and ventriculoarterial junctions.
Methods

Embryos
Eight human embryos (Carnegie stages 14-23) were obtained from terminations of pregnancy performed for medical reasons at the Academic Medical Center of Amsterdam and at the Postgraduate Medical School in Budapest. The studies of the tissues obtained were approved by the respective local medical-ethical committees. The Carnegie stage of development of the embryos was estimated by comparison of the observed external landmarks.14 No morphological abnormalities were observed in the specimens described. The embryos were fixed at room temperature in a mixture of methanol: acetone: acetic acid: water (35:35:5:25 by volume) for a minimum of 2 hours, dehydrated in 2,2-dimethoxypropane (Merck) or ethanol, embedded in Paraplast Plus (Monoject), and cut into serial sections each of 5-gm thickness.
Monoclonal Antibodies
The monoclonal antibody that demarcates the junction between the proximal and distal segments of the ventricular component of the heart tube'3 was raised against a protein extract of the ganglion nodosum of chickens and has been designated anti-GIN2. ' angles of rotation (X,Y,Z) and making a selection of sections and/or structures, a reconstructed heart, or part of it, could be observed on a 14-in. color monitor in almost any desired projection. Color prints were made using an IBM-3852-2 inkjet printer. The schematic drawings were subsequently made with the help of a medical artist.
Nomenclature and Definition of Boundaries Between Myocardial Segments
Many of the existing controversies referred to in our introduction relate as much to arguments concerning terminology as to real differences in observation. For this reason, we have chosen to use a descriptive nomenclature as far as possible, eschewing such terms as "bulboventricular foramen, which are, self-evidently dependent upon definitions of the bulbus. Our nomenclature, along with the definitions we use for the boundaries of the cardiac segments, are shown in Figure 1 . Subsequent to initial formation of the ventricular septum, it becomes evident that most of the proximal segment of the ventricular component of the heart tube develops as the definitive left ventricle and most of the distal segment as the definitive right ventricle; therefore, these areas will be called the presumptive left and right ventricles, respectively. These descriptions not only avoid repetitive use of the uninformative modifiers that have previously been contentious but also avoid confusion between "inlet" and "outlet segments of the ventricular component of the embryonic heart tube and the "inlet" and "outlet" components of the ventricular mass of the formed heart. Figure 2) . At this stage, the atrial chambers have begun to bulge over the ventricles. An atrioventricular transitional segment, or canal, having considerable length is positioned above the entrance to the presumptive left ventricle. A fold can be discerned externally along the inferior margin of the junction between the presumptive left ventricle of relatively large size and the relatively smaller presumptive right ventricle. The latter segment is then connected by a long outflow segment to the branchial arches (the "truncoconal" segment). The apical components of the ventricles can be seen to originate as trabeculated pouches of the outer myocardial layer surrounding the During this stage, GlN2 is expressed in a zone of myocytes that forms a complete ring around the heart tube. The ring occupies the myocardium of the top of the primordium of the muscular ventricular septum (this being the internal marker corresponding to the furrow of the primary fold on the greater curvature). The ring extends into the adjacent part of the lesser curvature, thus marking discretely the primary interventricular junction. This boundary is situated in an approximately sagittal plane. The boundary of the ventricular and atrial myocardium, as identified by the extent of expression of /3-MHC, is situated in an approximately frontal plane. A comparison of the pattern of expression of GIN2 with that of ,3-MHC shows that GlN2 -positive myocytes in the lesser curvature lie in the lower part of the myocardium of the atrioventricular canal, that is, within the extent of the ventricular myocardium. The presumptive left ventricle at this stage, therefore, is a wedge-shaped segment that connects to the developing atria posteriorly and to the presumptive right ventricle on its right side. The presumptive right ventricle is also wedge shaped, with access to the left ventricle on its left side and to the outflow segment anterosuperiorly. Blood from the atria, at this stage, can reach the developing right ventricle only by passing through the cavity of the developing left ventricle, whereas blood from the developing left ventricle can reach the unseptated outflow segment only by passing through the cavity of the developing right ventricle.
Carnegie Stages 15-16: 35-39 Days of Development
Two immunohistochemically stained specimens from this period ( Figure 2 ) were available for study, one at the early period of stage 15 and one at the early period of stage 16 . The most characteristic change in external shape is the relative increase in size of the developing ventricles, in particular the developing right ventricle. The atrioventricular myocardial transition, together with the interventricular junction, can still be identified by the same cell markers and morphological criteria as used in the previous stage. Thus, at stage 15, the cardiomyocytes that express GlN2 continue to form a complete ring around the interventricular junction. As in the previous stage, the widest and inferior part of the GIN2 ring is found at the inferior margin of the junction on the crest of the emerging ventricular septum. Near the lesser curvature, however, the posterior extent of the ring has become bent in a rightward direction toward the frontal plane. This part of the GIN2 ring, together with the boundary demarcating the ventricular myocardium toward the atrium, follow an apposed and parallel course within an area of the lesser curvature. This area, which increases gradually in size during Carnegie stages 15 and 16, comes to form the definitive right atrioventricular junction during stage 17. The part of the GlN2 ring within the lesser curvature is now also recognizable histologically as a strand of specialized tissue, a structure previously called the atrioventricular ring bundle (Figure 2 ). 20 The junction between the presumptive right ventricle and the outflow segment, which abuts the GlN2-positive ring in the anterior part of the lesser curvature, does not change in shape appreciably. But The endocardial cushions and ridges in the atrioventricular and ventriculoarterial junctions fuse during this period, leading to separation of blood streams. Concomitant with these changes, the myocardium of the lesser curvature, which contains part of the GIN2 ring, becomes transformed into the parietal component of the right atrioventricular junction. The myocytes that express GIN2 remain positioned within the boundaries of ventricular myocardium as defined by expression of J3-MHC. The changes described result in an apparent leftward migration of the developing muscular septum with respect to the expanding atrioventricular junctions. The important consequence of this apparent leftward migration, in reality a rightward expansion of the posterior part of the lesser curvature, is that the right atrium gains direct access to the cavity of the presumptive right ventricle. (See Figure 3. ) Expression of GlN2 becomes weak in the anterosuperior part of the primary interventricular junction in this period, this being the area where the presumptive left ventricle is becoming contiguous with the outflow segment. Expression of the antigen in the adjacent parts of the GIN2 ring (in the part behind the subaortic part of the outflow segment and in the muscular septum), in contrast, remains prominent. The distribution of these GlN2-positive cardiomyocytes shows that the anterosuperior part of the primary interventricular junction begins to expand leftward relative to the muscular septum. This local remodeling of the tissues, a direct continuation of the remodeling leading to the observed leftward rotation of the outflow segment in the previous stage, is reflected externally in a migration of the outflow segment, so that it occupies a wedged position between the left and right atria. Internally, this change in position is reflected in the leftward bend of the most '.-. ,.
'~~~~~~~'ps /, ...ti .g ,t42* FIGURE 3. Serial transverse sections ofa human embryo at stage 17 ofdevelopment. The sections were incubated with antibodies against f3-myosin heavy chain (panels a and d) or against GIN2 (panels b, c, e, and f). A reconstruction of this heart is shown in Figure 5 . Expression of G1N2 has become weak in the anterosuperior part of the lesser curvature in the area where the presumptive left ventricle is contiguous with the subarterial outflow segment (panels b and c, arrowheads). Boxed areas contain the part of the G1N2 ring that lies in the crest of the developing muscular septum; encircled areas contain the part of the G1N2 ring that lies in the lesser curvature of the heart loop. RA (Figure 4 ) and the staining of GlN2-positive myocytes in the retroaortic part of the lesser curvature extends well to the left of the atrial septum.
Subsequent to these changes, the presence of cells positive for GIN2 along the length of the definitive muscular ventricular septum shows that its entire structure is derived from the ring of cells which, initially, surrounded the primary interventricular junction. In other words, the part of the septum which, eventually, separates the definitive inlets of the two ventricles is 
Discussion Primary Interventricular Junction and Cardiac Septation
Our observations show that the remodeling of tissues that is responsible for development of the heart from a looped tube with serially arranged segments into a formed organ with chambers arranged in parallel takes place, for the most part, in the lesser curvature of the loop (see Figures 5-7) . The (Figure 7) . It is the remodeling of the myocardial interventricular junction in the lesser curvature that is responsible for the formation of the right atrioventricular junction and also for the formation of an outlet from the left ventricle. As a result, the primary interventricular foramen is divided into three segments ( Figure 6) rings of developing conduction tissue between, on the one hand, the atrial and ventricular segments (the atrioventricular ring) and, on the other hand, the proximal and distal segments of the ventricular loop (the bulboventricular ring).29 '30 As a direct consequence of these different hypotheses, De la Cruz and Miller9 and van Praagh and van Praagh'2 argued on the one hand that the inlet, apical trabecular, and outlet components of the definitive right ventricle developed from the distal (outlet) segment of the primitive heart tube. In contrast, Anderson and Wenink'0'26 proposed on the other hand that the inlet component of the definitive right ventricle was derived from the proximal (inlet) segment of the heart tube. Our present findings of GlN2-positive myocardial cells along the crest of the muscular ventricular septum show that this septum (with the exception of its small outlet component) is developed exclusively from the junction between the proximal and distal segments of the initial ventricular component of the heart tube. On the basis of our present findings, therefore, we must now reject the hypothesis previously proposed by Anderson and Wenink10'26 that the definitive inlet of the right ventricle is derived from the proximal (inlet) component of the primary heart tube. Instead, the present findings show that the inlet component of the right ventricle, representing the sleeve of myocardium surrounding and supporting the leaflets of the tricuspid valve, is derived from myocardium that, initially, was distal to the primary junction between the segments of the ventricular loop (the primary interventricular foramen).
Implications for Cardiac Malformations
An accurate description of the position of the derivatives of the primary interventricular junction in the malformed postnatal heart can aid substantially in understanding the pathogenesis of several well-known malformations. Such a description ( Figure 7 ) became possible once it was established that the ring of GIN2-positive cells described in this study is the sole precursor of the definitive atrioventricular conduction tissues. 13 Thus, the GlN2-positive myocytes in the junctional segment between the right atrium and right ventricle that, topographically, become atrial cells upon the development of the fibrous atrioventricular junction, evolve as the lower (dense) portion of the atrioventricular node20'31 and the ring of specialized tissue that surrounds the tricuspid orifice in the fetal heart.20 Large parts of the ring, identifiable histologically by their characteristic features of nodal cells, persist into the neonatal period.20,32 The myocytes on top of posteroinferior part of the muscular septum develop into the penetrating atrioventricular bundle (of His) and the bundle branches. Histologically identifiable conduction tissues persist in the anterosuperior part of the muscular septum as a third, or septal branch of the atrioventricular bundle (the "dead-end" tract32'33). Furthermore, remnants of the ring can be found around the root of the subaortic outlet.32 Parts of the septal and periaortic components of the primary junction eventually become fibrous tissue in mammals. In contrast, they persist in birds as the septal and retroaortic root branches of the ventricular conduction system.3435 The anterolateral muscle bundle between the left coronary aortic sinus and the aortic (anterior) leaflet of the mitral valve is also thought to represent a persisting part of the primary junction.36
If developmental arrest and perturbations of the morphogenetic program are to be considered the most frequent causes of congenital malformations, then the structure of these malformations should be understandable on the basis of relatively few developmental errors. The degree to which interpretation on the basis of development provides a satisfactory explanation usually reflects whether or not the developmental analysis on which it was based is accurate and adequate. We will try Underdevelopment of the apical trabecular component of the right or left ventricle is seen in association with either double-inlet ventricle or complete absence of one atrioventricular connection. Because the atrioventricular canal is initially positioned in its entirety over the cavity of the presumptive left ventricle, it is not surprising that double inlet to the morphologically left ventricle occurs much more frequently than does double inlet to the right ventricle. 37 Abnormal development of the right-sided atrioventricular connection can lead to a variety of conditions. Hearts with straddling and overriding of the tricuspid valve represent an intermediate between the normally structured heart and hearts with double-inlet left ventricle. One of the major features of double-inlet left FIGURE 6 . Schematic diagram depicts developmental changes in shape of the primary junction between the presumptive left and right ventricles. As a result of the morphogenetic remodeling of the myocardial tissue that borders the primary foramen, this foramen is divided into three segments. One of these retains its orientation close to the sagittal plane (the embryonic interventricular communication, 1). The second comes to lie in a near frontal plane (the right atrioventricular connection, 2). The third segment is oriented in a near transverse plane (the junction of the presumptive left ventricle with the subaortic part of the outflow segment, 3).
ventricle is rudimentary development of the apical component of the morphologically right ventricle. The most common variant of atresia of the tricuspid valve also exhibits this pattern, but in association with complete failure of formation of the right-sided atrioventricular connection rather than connections of both rightand left-sided junctions to the left ventricle as is seen in double inlet.
In all these lesions, a muscular septum is present between the apical components of the rudimentary right and dominant left ventricles that carries, on its crest, the ventricular conduction system. These findings identify this septum as the homologue of the muscular ventricular septum of normal hearts. Interestingly, in all these cases, the conduction system is located in the posteroinferior part of this septum. Furthermore, the atrioventricular node is found within the atrioventricular junction at its junction with the ventricular septum. Depending on the degree of development of the rightsided atrioventricular connection, however, the node may be displaced laterally toward the lesser curvature and, in so doing, may loose its topographic relation to the atrial septum. Whereas the system of ventricular conduction tissues still takes origin from a posterolateral node in hearts with straddling tricuspid valve, the node in double-inlet left ventricle is located anterolaterally within the morphologically right atrioventricular junction.37 In the variant of tricuspid atresia produced by absence of the right-sided atrioventricular connection, the atrioventricular node is found in the muscular floor of the blind-ending right atrium. This location reflects the position of the developing conduction system in the earliest embryonic hearts described in our series. In double-inlet left ventricle, irrespective of whether the rudimentary and incomplete right ventricle is right-sided or left-sided relative to the dominant ventricle, the conduction system is located on the crest of the ventricular septum and takes origin from a node located, as stated, anterolaterally within the right-sided atrioventricular junction. All that varies is the location of the nonbranching bundle relative to the outflow segment from the dominant left ventricle. 24, 37 The major feature associated with double-inlet right ventricle is underdevelopment of the apical trabecular component of the left ventricle, which is usually displaced posteroinferiorly as a blind pouch.37 The major parts of the ventricular conduction system are found again in the junction between the ventricles. Depending on the presence of right-or left-handed topology of the ventricular mass, the ventricular conduction system arises from an atrioventricular node that is found on the left or right posteroinferior side of the dominant right ventricle, respectively.
Anomalies of Ventriculoarterial Connection
The incorporation of the subaortic part of the outflow segment into the definitive left ventricle is essential for the correct development of the ventriculoarterial junction.223 Using the expression of GlN2 as a parameter, our present observations confirm that the primary junction between the presumptive left and right ventricles is extensively remodeled during this process of incorpo- Absence of the physiological involution of the outflow segment is likely to be accompanied by a persistence of musculature around the aortic root that is derived from the junction between the presumptive ventricles. In reality, the descriptive anatomy of malformed hearts with double outlet indicates that a spectrum of conditions exists, ranging from a complete disappearance of the junctional musculature from the lateral and posterior parts of the aortic root (the "normal" condition) via a partial persistence of this musculature as the anterolateral muscle bundle (observed in up to 40% of still "normal" hearts36) to a more or less complete retention of the primary musculature, leading to classical double outlet from the right ventricle with persistence of infundibular musculature beneath both arterial valves. A range in the degree of remodeling can easily explain the variability in the extent of fibrous continuity between the arterial and atrioventricular valves in these various lesions."138-40
